A B S T R A C T Bone mineral and matrix maturation in chronically uremic, nonacidotic rats were investigated after 25-hydroxycholecalciferol (250HD) and/or dichloromethylene diphosphonate (ChMDP) therapy utilizing bromoform-toluene density gradient fractionation and X-ray diffraction analyses.
INTRODUCTION
Recent studies undertaken in this laboratory have sought to delineate more fully the defect in collagen metabolism in the experimental chronic uremic state, to relate this change to alterations in matrix mineralization, and to determine the compositional and structural alterations of the mineral components of skeletal tissue.
We demonstrated alterations in bone collagen and mineral maturation in the experimental uremic state that progressed with advancing uremia, although insignificant changes were observed in plasma pH, calcium, and bone carbonate content (1) . X-ray diffraction analyses substantiated density gradient measurements suggesting that the relatively "immature" bone tissue of uremic animals was characterized by both increased amounts of X-ray amorphous mineral and less perfect, smallersized, apatite crystallites (2) .
It is thought that maturation and increased crosslinking of newly synthesized collagen preceeds calcification in hard tissues (3, 4) . Consistent with the deranged maturation of the skeletal tissue in progressive renal failure, the ratio of the NaB'HM-reducible crosslinks, dihydroxylysinonorleucine to hydroxylysinonorleucine, in bones from uremic animals exhibited a progressive increase through the 9th wk of uremia (5) . Because of the possible relationship between the uremic maturational defect in bone, reports of altered vitamin D metabolism in uremia (6) , and defective collagen cross-linking in the vitamin D-deficient state (7) , the The Journal of Clinical Investigation Volume 56 September 1975-548-554 548 present study was undertaken to determine whether the vitamin D metabolite 25-hydroxycholecalciferol (25- OHD)' alone or in concert with dichloromethylene diphosphonate (ClaMDP), an agent potentially capable of stabilizing alterations in bone metabolism characterized by pathological resorption of the skeleton (8, 9) , was effective in reversing the compositional and structural alterations in bone metabolism observed in experimental renal osteodystrophy.
METHODS
Female Holtzman rats at 6 wk of age were unilaterally nephrectomized with contralateral segmental renal infarction, resulting in an impairment of seven-eighths normal kidney function as previously described (1) . This ischemic infarction of functioning renal mass persisted during the subsequent 6 or 8-wk period of study. Control animals were pair-fed to maintain similar rates of growth between the two experimental groups. Pair-fed control and chronically (4 wk) uremic rats were maintained for an additional 2 and 4 wk on each of the following regimens: (a) cottonseed oil vehicle; (b) 250HD (500 U/day, orally in cottonseed oil)'; (c) C12MDP (2 mg/kg per day, subcutaneously); and (d) 250HD (500 U/day) and C12MDP (2 mg/kg per day). At the termination of the experimental period (18 h after the final dose of 250HD and/or C12MDP): (a) serum calcium and phosphorus and urinary hydroxyproline and calcium analyses were made as previously described (1); (b) urine retentate hydroxyproline levels were measured (1), the latter comprised primarily of hydroxyproline-containing peptides with a mol wt > 13,-000 (10, 11); and (c) soft tissue ash and mineral content were measured, the latter after subjecting the tissue to 6000C for 24 h. In vivo duodenal calcium absorption was measured by a modification of the techniques of Coates and Holdsworth (12) . 0.5 uCi of '4Ca containing 2.0 mg of '0Ca in 0.1 ml vol was injected intraduodenally, and "5Ca, 4'Ca, and phosphorus was determined in the serum 30 min after injection. Previous determinations in control and uremic rats have demonstrated a peak in '5Ca absorption at 30 min; this time-point of '5Ca absorption was unaltered by therapy with 250HD and/or C12MDP.
Characterization of the changes in the bone mineral and matrix collagenous protein was accomplished utilizing bromoform-toluene density gradient fractionation (1) as well as X-ray diffraction analysis (2) . Total skeletal calcium, phosphorus, and hydroxyproline levels were concomitantly determined, as previously described (1) .
RESULTS
As reported in earlier studies, the uremic state was attended by elevations in plasma, inorganic phosphate (controls, 6.68±0.13; uremics, 7.95±0.31 mg/100 ml), 'Abbreviations used in this paper: C12MDP, dichloromethylene diphosphonate; EHDP, ethane-1-hydroxy-1,1-diphosphonate; 250HD, 25-hydroxycholecalciferol.
,'Although no official definition of units has been formulated for 250HD, 1 U of 250HD in this study is defined to be 91 pmol. This potency is relative to a 1.4-fold stimulation of intestinal calcium transport compared to the parent vitamin (cholecalciferol). Therapy with 250HD and/or Cl2MDP led to a rise in urinary hydroxyproline in the chronically uremic rats, primarily because of an increase in the retentate high molecular weight fraction (Table I ). In contrast, no change was seen in either total or retentate hydroxyproline excretion in the nonuremic animals. Urinary calcium and phosphorus in both control and chronically uremic rats treated for 4 wk with 250HD and/or Cl2MDP were unchanged.
The net intestinal absorption of calcium was unchanged by 2 wk of 250HD and/or Cl2MDP therapy to both control and chronically uremic rats. At the termination of the 4-wk study the duodenal '5Ca absorption in pair-fed control rats was still unchanged by the 25OHD/Cl2MDP treatment. While chronically uremic rats treated with 25OHD also evidenced no change in duodenal '5Ca absorption, the Cl2MDP-treated group responded with a 50% increment; those animals on Experimental Renal Osteodystrophy 549 increase in calcium absorption, compared to the untreated chronically uremic rat. Kidney or muscle ash calcium and phosphate concentrations, of the nonuremic animals, were unaffected by 250HD and/or C12MDP treatment. In marked contrast, the significant degree of kidney and muscle calcification which was observed in the chronically uremic animals decreased during the 250HD-Cl2MDP therapeutic interval (Table II) muscle ash calcium and phosphorus by 30% while the combination of 250HD and C12MIDP resulted in a 50 and 70% diminution in the kidney and muscle concentration of these elements, respectively. In fact, the combined effect of 250HD and Cl2MDP succeeded in lowering the soft tissue calcium and phosphorus levels to within the range of those measured for nonuremic animals (Table II) .
Bromoform-toluene density gradient analysis revealed that the progressive accumulation of less dense, more immature bone mineral and collagen characteristic of progressive uremia was reversed by 250HD and/or C1G-MDP therapy for a 2-wk period. This reversal was complete after 4 wk of therapy with either 250HD, C12-MDP, or a combination of the two ( Fig. 1 and 2) , and at which time the density gradient profiles of the 25OHD-Cl2MDP-treated uremic animals were comparable to those of their nonuremic pair-fed littermates.
These agents had no effect on these parameters in normal, nonuremic animals. Quite striking was the observation that: (a) 250HD administration elevated both the calcium and hydroxyproline content of the bone (per gram dry weight of bone); (b) C12MDP significantly elevated the skeletal phosphorus level; and (c) 250HD in combination with C1hMDP resulted in a marked elevation of skeletal calcium, phosphorus, and hydroxyproline (collagen) ( Table III) .
X-ray diffraction analyses revealed that after 2 wk of therapy the administration of 250HD had not pro- (14), and Gasser, Morgan, Fleisch, and Richelle (9) . The slight reduction in serum calcium and phosphorus concentrations which initially occurred at the 2-wk period has been noted previously in rats treated with C16MDP at varying doses and has been attributed to the decreased resorptive capability of the skeletal tissue as a result of the diphosphonate administration (9) . Indeed, in the uremic rat there was a marked diminution in the rate of skeletal resorption as well as a stimulation of new bone collagen formation as a consequence of C1hMDP and/or 250HD. This was indicated by the 20% increment in the retentate urinary hydroxyproline fraction in the 250HD and Ch- 
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MDP-treated groups and by the 50% increment in that group subjected to 250HD/C12MDP combination therapy (Table I) . The failure of the 250HD therapy alone to alter 5Ca absorption is not surprising in that animals in a vitamin D-repleted state have been shown to be relatively insensitive to exogenous administration of vitamin D and/or its metabolites (13) . Although the chronically uremic rat is notoriously "vitamin D resistant" and has been shown to have decreased circulating levels of 250HD, the body stores of vitamin D are obviously sufficient to blunt intestinal absorptive response to exogenous 250HD. That the diphosphonate, ChMDP, did significantly increase the net duodenal 'Ca absorption in the chronically uremic rat is in contrast to the findings of Bonjour et al. (15), Krawitt (16) , and others who observed a reduction in intestinal calcium absorption after the administration of massive doses of diphosphonates. In agreement with observations on diphosphonate-treated patients suffering from Paget's disease and/or osteoporosis (17, 18) , a lower dose of the compound does not markedly diminish duodenal calcium transport and may, in some osteoporotics (19) , increase the rate of calcium absorption. Additionally, the observations by Gasser and coworkers (9) , in rats given graded doses of C12MDP for 7 days, substantiate our observations in the uremic rat in that a small increase in the net calcium absorption does occur after a chronic administration of C12MDP (9) .
In view of the enhanced duodenal '5Ca absorption and unchanged calcium excretion of the 250HD-CLMDPtreated uremic animal, compared to the untreated uremic rat, it is quite significant that the degree of kidney and muscle calcification which occurred in the untreated state was ameliorated by 25OHD and/or Cl2MDP therapy (Table II) . Although the subcellular localization of the mineral in the kidney and muscle tissue is unknown, it may be that the 25OHD therapy results in a mobilization of mitochondrial calcium pools, thereby effecting a decrease in the tissue calcium concentration. Such a calcium-mobilizing action of vitamin D has been documented in vitro (20) and in vivo (21) in kidney tissue and may be operative in the 250HD-treated uremic rats in the present study. A diphosphonate-related diminution in soft tissue calcification has been previously documented in vitamin D toxic animals (22) and in clinical disorders associated with ectopic calcification (23, 24) , but no evidence has been presented to date correlating the degree of both soft tissue calcification and skeletal maturation in any one specific experimental model system using therapeutic dosages of the diphosphonates.
The accumulated bromoform-toluene density gradient profile and XRD data indicate that the bone being formed in the chronically uremic rat during the course of therapy with 250HD and/or Cl2MDP is more mature with respect to both its collagenous matrix and apatite crystals. Although the degree of skeletal resorption has been minimized (Table I) , it is noteworthy that a corresponding decrease in accretion has not occurred. In fact, the net effect of the 250HD/Cl2MDP treatment is probably one of uncoupling the processes of bone formation and resorption, with a resultant increment in bone mineral and/or collagenous matrix (Table III). These observations are in contrast with those of Kaye (25) who administered ethane-1-hydroxy-1,1-diphosphonate (EHDP) to chronically uremic rats from the start of renal infarction through the 4th wk of uremia and found no alteration in either the percent bone ash or degree of secondary hyperparathyroidism despite an increased retention of the EHDP compound compared to pair-fed, nonuremic littermate$. Not only is it inappropriate to expect similar biological responses to diphosphonate compounds with different chemical composition (i.e. EHDP vs. C16MDP), but measurements of total bone mineral also provide little information as to the structural integrity or state of maturation of skeletal tissue that has been shown to be deranged as early as 2 wk after the induction of renal insufficiency (1) . Moreover, the uremic rat of Kaye (25) exhibited hypocalcemia, a factor which is capable by itself of increasing parathyroid hormone secretion as well as decreasing bone collagen synthesis and mineralization.
Although it has been histologically demonstrated that ClaMDP administration to rats diminishes bone resorption without impairing matrix mineralization (8) , the physical effect of the diphosphonate upon bone mineral texture by XRD has not been previously investigated in vivo. Obviously, the short-term effects of Chz-MDP in decreasing apatite crystal size and/or perfection are quite distinct from the longer-term effects of 250HD/Cl2MDP in reverting bone crystallinity and apatite crystal size/perfection to normal (Table IV) . It is reasonable to assume that Cl2MDP acts through physicochemical mechanisms primarily and initially inhibits normal crystal growth in the uremic bones. Such a phenomenon has been substantiated in vitro (26) and indicated in vivo (27) . That prolonged administration of the compound does not result in a significant compilation of smaller crystallites, and/or amorphous mineral may be related to the observations that bone and cartilage mineralization are not inhibited as markedly by Cl2MDP as is crystal dissolution (26, 28) .
Alternatively, it may be argued that the transient hypocalcemia in the uremic rat, after 2 wk of 250HD/ C12MDP therapy, was sufficient stimulus to increase parathyroid hormone secretion. Although the interaction of parthyroid hormone with vitamin D metabolism is still controversial (29) (30) (31) , some studies would suggest (29, 32) that an increase in parathyroid hormone leads to an increase in conversion of 25OHD to 1,25(OH)2D. The resultant increased circulating levels of 1,25 (OH)2D could thereby be the factor responsible for the observed increment in calcium absorption and bone collagen/mineral reorganization. However, since circulating levels of PTH and 1,25 (OH)2D were not obtained in this study, theories as to their interactions on intestine and bone during either 250HD or 250HD/CI2MDP therapy must remain conjectural.
In this regard it is most interesting that 250HD therapy alone to the chronically uremic rat resulted in a reversion of the skeletal apatite crystal size/perfection to normal (Table IV) . Previous studies have demonstrated that vitamin D and/or its metabolites are capable of promoting bone collagen synthesis and that the newly-formed matrix is capable of undergoing mineralization (33) (34) (35) . Those uremic animals which received 25OHD did in fact exhibit an increased formation of bone collagen (hydroxyproline) ( Table III) . The rise in urinary nondialyzable (retentate) polypeptides, containing hydroxyproline, observed during treatment is consistent with this interpretation (Table I ) since these fragments largely reflect collagen synthesis (10, 11) . In a previous communication, alterations in collagen maturation were documented as early as the 2-wk period of experimentally induced uremia (1), well in advance of the inorganic structural alterations of the mineral phase alone (2) . Since it is thought that maturation and increased cross-linking of newly synthesized collagen preceeds calcification in hard tissues (3, 4) , the partial restoration of the crystal maturational sequence may be secondary to the restoration of the bone collagen maturation. Indeed, the combined effects of 250HD and C12MDP were to decrease the X-ray amorphous component of the bone mineral as well as increase the average crystal size-perfection parameters (Table IV) . Furthermore, morphometric analyses have demonstrated that 250HD administration to anephric patients does serve to ameliorate the attendant renal osteodystrophy (36) . This latter observation in concert with in vitro (37) and in vivo (38) studies provides evidence that the 250H-vitamin D metabolite may act directly on bone without first being hydroxylated in the 1-alpha position to 1,25(OH)2D. However, since the animals used in this study were not anephric, the potential contribution of 1,25 (OH)2D to the observed effects in bone cannot be ignored.
The relationship of these data obtained from the experimental animals to reports of altered vitamin D metabolism in uremic man (6), response to 250HD therapy (39) , and to the pathogenesis of the defective collagen cross-linking in uremic (5) and vitamin D-deficient animals (7) are yet to be defined. It is interesting to note that experimental rachitic states are also characterized by an increase in the X-ray amorphous bone mineral fraction (40) , and that bone collagen synthesis in vitro, is influenced by fluctuations in media calcium and inorganic phosphate (41) (42) (43) as well as by the vitamin D status of the animals (33) (34) (35) .
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